Loss-of-function mutations in PARK2, the gene encoding the E3 ubiquitin ligase Parkin, are the most frequent cause of recessive Parkinson's disease (PD). Parkin translocates from the cytosol to depolarized mitochondria, ubiquitinates outer mitochondrial membrane proteins and induces selective autophagy of the damaged mitochondria (mitophagy). Here, we show that ubiquitin-specific protease 15 (USP15), a deubiquitinating enzyme (DUB) widely expressed in brain and other organs, opposes Parkin-mediated mitophagy, while a panel of other DUBs and a catalytically inactive version of USP15 do not. Moreover, knockdown of USP15 rescues the mitophagy defect of PD patient fibroblasts with PARK2 mutations and decreased Parkin levels. USP15 does not affect the ubiquitination status of Parkin or Parkin translocation to mitochondria, but counteracts Parkinmediated mitochondrial ubiquitination. Knockdown of the DUB CG8334, the closest homolog of USP15 in Drosophila, largely rescues the mitochondrial and behavioral defects of parkin RNAi flies. These data identify USP15 as an antagonist of Parkin and suggest that USP15 inhibition could be a therapeutic strategy for PD cases caused by reduced Parkin levels.
INTRODUCTION
Parkinson's disease (PD) is a disorder in which substantia nigra dopaminergic neurons and several other neuronal subpopulations gradually degenerate, causing a wide range of disabling motor and non-motor problems (1) . The lifetime risk of developing PD is 1.5% (1) . A subset of PD cases are familial. Mutations in PARK2, the gene encoding the cytosolic E3 ubiquitin ligase Parkin, are the most frequent cause of autosomal recessive PD, probably through a loss-of-function mechanism (2) . In addition to its role in familial PD, Parkin deficiency may also contribute to the pathogenesis of sporadic PD, as Parkin is progressively inactivated in the aging human brain as a result of posttranslational modifications (3 -6) .
The phenotypes of Parkin-null flies (7) and mice (8) and fibroblasts from PD patients with PARK2 mutations (9,10) primarily consist of mitochondrial abnormalities. This has long been puzzling, given the cytosolic localization of Parkin. However, recent work in a variety of experimental models has shown that Parkin translocates from the cytosol to depolarized mitochondria and ubiquitinates a large number of mitochondrial outer membrane (MOM) proteins, thus triggering selective macro-autophagic removal of the damaged mitochondria (mitophagy) (11 -19) .
The actions of E3 ubiquitin ligases are counteracted by deubiquitinating enzymes (DUBs), which catalyze the removal of ubiquitin from substrates. The human proteome contains 80 functional DUBs, belonging to 5 subclasses, the largest of which * To whom correspondence should be addressed at: Department of Neurology, University Hospitals Leuven, Herestraat 49, 3000 Leuven, Belgium. Tel: +32 16344280; Fax: +32 16344285; Email: wim.vandenberghe@uzleuven.be is the ubiquitin-specific protease (USP) family (20) . Whether any DUB antagonizes the enzymatic effects of Parkin is currently unknown. Identification of Parkin's antagonistic DUB could lead to an attractive new therapeutic strategy for PD, namely inhibition of this DUB.
Here, we identify USP15 as a DUB that counteracts Parkinmediated mitochondrial ubiquitination and mitophagy.
RESULTS

USP15 inhibits Parkin-mediated mitophagy through its DUB activity
We have recently used tandem affinity purification coupled to mass spectrometry to search for Parkin-interacting proteins in HEK293 cells expressing His 6 -FLAG-Parkin (17) . Among the Parkin-associated proteins, we identified two DUBs that were absent in the negative control condition (Supplementary Material, Table S1 ): USP11 and USP15, two closely related USPs (46% identity and 62% similarity at the amino acid level). Coimmunoprecipitation and western blotting confirmed the interaction of overexpressed Parkin with USP15 (Supplementary Material, Fig. S1 ), but not USP11. As we were unable to coimmunoprecipitate USP15 with endogenous Parkin in HEK293 cells, we assumed that the binding of Parkin and USP15 is weak and not detectable at endogenous Parkin expression levels.
We then asked if there was a functional interaction between Parkin and USP15. To assay Parkin function, we employed a widely used HeLa cell model of Parkin-mediated mitophagy (11, 12, 15, 17) . When HeLa cells, which do not express endogenous Parkin, are transfected with Parkin and treated with mitochondrial uncouplers such as carbonyl cyanide m-chlorophenylhydrazone (CCCP) or valinomycin for 24 h, depolarized mitochondria are eliminated by autophagy in a Parkin-dependent manner (11, 12, 15, 17) . To search for an effect of DUBs on Parkinmediated mitophagy, HeLa cells were transfected with Parkin alone or cotransfected with Parkin and USP15 or a panel of other DUBs: USP11, which was present in our initial proteomic screen; USP4, the closest homolog of USP15 (59% sequence identity and 73% similarity at the amino acid level); USP30, the only DUB that is anchored into the MOM, facing the cytosol with its catalytic domain (21) ; UCH-L1, a DUB for which a genetic link with PD has been suggested (22) ; Ataxin-3, a DUB reported to bind with Parkin (23); and A20, a DUB involved in the NF-kB pathway (24) , in which Parkin has also been implicated (25) (Fig. 1) . Interestingly, USP15 strongly inhibited Parkin-mediated mitophagy, while the other DUBs had no effect ( Fig. 1A and B) . Western blot showed that the expression levels of transfected USP4, USP11, USP30, UCH-L1, Ataxin-3 and A20 were at least as high as that of USP15, ruling out stronger expression of USP15 as the reason for its unique effect (Fig. 1C) . The inhibitory effect of USP15 on Parkin-mediated mitophagy was demonstrated using both the MOM protein Tom20 (Fig. 1A and B) and the matrix protein Hsp60 (Supplementary Material, Fig. S2 ) as mitochondrial markers.
USPs are cysteine proteases (20) . To determine whether the effect of USP15 on mitophagy depended on its enzymatic activity, we generated a catalytically inactive form of USP15 by replacing the active site cysteine residue at position 269 with alanine (26, 27) . The C269A mutation abolished the inhibitory effect of USP15 on Parkin-mediated mitophagy, indicating that this effect of USP15 required its deubiquitinating activity ( Fig. 1; Supplementary Material, Fig. S2 ).
Knockdown of USP15 enhances mitophagy
Next we used RNAi-mediated knockdown of USP15 (Supplementary Material, Fig. S3A -F) to investigate whether endogenous USP15 regulated mitophagy in Parkin-transfected HeLa cells and in two cell models expressing endogenous Parkin: human dopaminergic neuronal SH-SY5Y cells and primary fibroblasts from healthy human subjects (Fig. 2) .
RNAi-mediated reduction of USP15 protein levels in Parkintransfected HeLa cells enhanced Parkin-mediated mitophagy induced by 24 h exposure to CCCP, while RNAi-mediated knockdown of USP11 had no effect ( Fig. 2A ; Supplementary Material, Fig. S3G and H) . Interestingly, siRNA-mediated USP15 knockdown did not result in mitochondrial clearance after CCCP exposure in HeLa cells lacking Parkin ( Fig. 2A) . Thus, USP15 knockdown enhanced mitophagy but only in the presence of Parkin.
In SH-SY5Y cells, CCCP-induced mitophagy was also markedly promoted by siRNA-mediated knockdown of USP15 (Fig. 2B and C). This mitophagy-promoting effect of USP15 knockdown in SH-SY5Y cells was suppressed by simultaneous siRNA-mediated knockdown of endogenous Parkin protein levels, indicating that the effect of USP15 knockdown on mitophagy was Parkin-dependent (Supplementary Material, Figs S4A, B and S5A).
In primary human fibroblasts, exposure to CCCP or valinomycin for 24 h did not induce significant mitochondrial clearance ( Fig. 2D -G) . However, 48 h treatment with CCCP or valinomycin resulted in substantial loss of mitochondria, as demonstrated both immunocytochemically ( Fig. 2D and E) and by western blotting (Fig. 2F and G) . The CCCP-and valinomycin-induced loss of mitochondria in fibroblasts was inhibited by the lysosomal inhibitor bafilomycin A1, confirming its autophagic nature ( Fig. 2D -G) . Mitophagy induced by 48 h exposure to CCCP or valinomycin was also inhibited by RNAi-mediated knockdown of PARK2, indicating that endogenous Parkin mediates mitophagy in these fibroblasts (Supplementary Material, Figs S4C, D and S5B -E). Interestingly, RNAi-mediated knockdown of USP15 in these fibroblasts strongly enhanced mitophagy, so that mitophagy already became demonstrable after 24 h exposure to CCCP or valinomycin (Fig. 2H-K) . As in SH-SY5Y cells, this mitophagy-enhancing effect of USP15 knockdown was reversed by simultaneous PARK2 knockdown (Supplementary Material, Fig. S5F and G).
USP15 knockdown rescues the mitophagy defect of PARK2 mutant PD patient fibroblasts As demonstrated above in HeLa cells ( Fig. 2A) , USP15 knockdown does not enhance mitophagy in the complete absence of Parkin. However, many clinical PARK2 mutations do not completely abolish the E3 ligase activity of Parkin (28) (29) (30) , so that PD patients with PARK2 mutations often have diminished but non-zero Parkin activity levels. We wondered whether USP15 knockdown would promote Parkin function in PARK2 mutant PD patient cells with reduced but non-zero Parkin activity. We used fibroblasts from a PD patient with compound heterozygous PARK2 mutations (c.8_171del/c.535_871del; p.V3EfsX3/ p.G179LfsX) (31) . In protein extracts from control human fibroblasts, Parkin exists as a major 52-kDa full-length species and a minor 42-kDa species that lacks the N-terminal ubiquitin-like (UBL) domain and originates from an internal translation initiation site at codon 80 of the PARK2 gene (32) (Fig. 3A) . Both full-length Parkin and Parkin lacking the UBL domain are capable of inducing mitophagy (25) . In the PARK2 mutant cells, total Parkin protein levels were reduced to 30.3+10.8% of control levels (n ¼ 3), with complete absence of 52-kDa Parkin and residual expression of the 42-kDa, UBL-lacking Parkin species generated through the internal start site from the c.8_171del mutant allele (Fig. 3A) . In contrast to control fibroblasts, the PARK2 mutant fibroblasts showed little mitochondrial clearance after exposure to CCCP or valinomycin for 48 h (Fig. 3B-E) . Strikingly, however, this mitophagy defect of the PARK2 mutant fibroblasts was rescued by knockdown of USP15 (Fig. 3F-I ). This rescue was reversed by simultaneous RNAi-mediated knockdown of residual Parkin in the mutant fibroblasts (Supplementary Material, Fig. S5H and I ).
PINK1 is a serine/threonine kinase that, like Parkin, has been linked genetically with autosomal recessive PD (2). PINK1 has also been implicated in mitophagy (12) (13) (14) and enhances the E3 ligase activity of Parkin in response to mitochondrial depolarization (13, (33) (34) (35) . Studies in Drosophila and human cells have revealed that overexpression of Parkin can rescue some of the mitochondrial phenotypes caused by PINK1 deficiency, further supporting the view that PINK1 and Parkin function, at least in part, in the same pathway (36) (37) (38) . To assess whether knockdown of USP15 can also compensate for impaired PINK1 function, we examined fibroblasts from a PD patient with homozygous PINK1 mutations (c.1309 T.G). This mutation results in substitution of tryptophan at position 437 by glycine. This residue is located within the kinase domain of PINK1 and is highly conserved across species. Interestingly, these PINK1mutant fibroblasts showed reduced mitophagy (Supplementary Material, Fig. S6A -D) , indicating that the W437G mutation impaired PINK1 function. RNAi-mediated USP15 knockdown improved the impaired mitophagy of the PINK1mutant fibroblasts (Supplementary Material, Fig. S6E-H) .
USP15, like Parkin, is widely expressed across tissues
In view of the antagonistic relationship of Parkin and USP15, we examined their relative expression levels in mouse brain and other tissues. Like Parkin, USP15 was widely expressed across different brain regions (Fig. 4A ) and other organs (Fig. 4B) . The Parkin/USP15 expression ratio in brain was among the lowest of all organs tested ( Fig. 4B and C). Immunostaining of endogenous USP15 in mouse primary midbrain cultures revealed strong expression in neurons, including dopaminergic neurons ( Fig. 4D and E). Endogenous USP15 in neurons had a predominantly cytosolic distribution but also partially colocalized with mitochondria ( Fig. 4F -I ).
USP15 antagonizes Parkin-mediated mitochondrial ubiquitination
What could be the mechanism for the inhibitory effect of USP15 on Parkin-mediated mitophagy? We considered the possibility that USP15 might modulate Parkin function by deubiquitinating * P , 0.001 compared with the CCCP-treated control siRNA condition. (I) Quantification of the Hsp60/b-Actin ratio on western blot, normalized to this ratio in the DMSO condition (n ¼ 8).
* P , 0.001 compared with the valinomycin-treated control siRNA condition. Scale bars, 10 mm.
Parkin itself. However, we found no evidence that USP15 deubiquitinates Parkin in basal conditions or after exposure to valinomycin ( Fig. 5A and B) . We also investigated whether USP15
inhibited the translocation of Parkin from the cytosol to depolarized mitochondria. However, USP15 had no effect on the CCCP-induced translocation of transfected Parkin in HeLa cells ( Fig. 5C and D) . (D-I) Mouse embryonic midbrain cultures were double-labeled for USP15 and either the neuronal marker MAP2 (D), the dopaminergic marker tyrosine hydroxylase (TH) (E), the mitochondrial marker Tom20 (F), the ER marker calnexin (G), the Golgi marker GOLGA5 (H) or the lysosomal marker LAMP-1 (I). Graphs in (F-I) depict the relative intensities of each channel over the drawn lines shown in the merged images. A.U., arbitrary units. Scale bars, 10 mm.
Moreover, subcellular fractionation and western blotting indicated that USP15 did not prevent the CCCP-induced translocation of endogenous Parkin in HEK293 cells (Fig. 5E ). These experiments also showed that a substantial portion of endogenous USP15 in HEK293 cells was present in the mitochondria-enriched fractions in basal conditions (Fig. 5E) , consistent with the immunocytochemical colocalization experiments in neurons (Fig. 4F) ; the amount of USP15 in the mitochondrial fractions did not increase after mitochondrial depolarization (Fig. 5E ).
We then determined whether USP15 counteracted Parkinmediated ubiquitination of depolarized mitochondria. In HeLa cells transfected with Parkin and HA-tagged ubiquitin, ubiquitin had a diffusely cytosolic distribution ( Fig. 6A and D) . However, CCCP treatment for 6 h induced striking colocalization of ubiquitin with mitochondria ( Fig. 6A and D) , as previously reported (12, 13) . This recruitment of ubiquitin to depolarized mitochondria was Parkin-dependent ( Fig. 6A and D) (12,13) . Importantly, overexpression of USP15, but not the catalytically inactive C269A USP15 mutant or USP4, strongly reduced CCCP-induced clustering of ubiquitin on mitochondria, indicating that USP15 opposed Parkin-mediated mitochondrial ubiquitination ( Fig. 6A and D) .
Parkin has been shown to catalyze formation of several distinct types of poly-ubiquitin linkages on depolarized mitochondria, including K48-and K63-linked ubiquitin chains (12, 15, 39, 40) . We used antibodies that specifically recognize either K48-or K63-linked ubiquitin chains (39, 40) . Parkin indeed mediated accumulation of K48-and K63-linked ubiquitin chains on mitochondria after CCCP treatment for 6 h (Fig. 6B, C, E, F) . Overexpression of USP15 antagonized Parkin-mediated clustering of both K48-and K63-linked ubiquitin chains on depolarized mitochondria (Fig. 6B, C, E, F) .
We also examined the effect of USP15 on mitochondrial ubiquitination at endogenous expression levels of USP15 and ubiquitin using subcellular fractionation and western blotting (Fig. 7A-D) . HeLa cells were treated with valinomycin for 0-6 h, followed by isolation of mitochondrial fractions and analysis of the mitochondria by immunoblotting for endogenous ubiquitin. Treatment with valinomycin for 1-6 h clearly induced Parkin-dependent accumulation of endogenous ubiquitin in the mitochondrial fractions ( Fig. 7A and B) . Strikingly, Parkin-dependent mitochondrial ubiquitination was strongly potentiated after RNAi-mediated knockdown of USP15 (Fig. 7C and D) . In contrast, knockdown of USP11 had no effect on mitochondrial ubiquitination (Fig. 7E and F) .
We then used the same mitochondrial fractionation and western blot assay to assess the ubiquitination status of depolarized mitochondria in control human fibroblasts expressing endogenous Parkin (Supplementary Material, Fig. S7A and B) . After exposure to valinomycin, we observed a time-dependent increase in the ubiquitin content of the mitochondrial fractions. In contrast, in PARK2 mutant fibroblasts there was no increase in mitochondrial ubiquitination after valinomycin treatment (Supplementary Material, Fig. S7A and B) . However, knockdown of USP15 in the PARK2 mutant fibroblasts resulted in increased ubiquitination of mitochondria after depolarization (Supplementary Material, Fig. S7C and D) .
Next, we assessed the effect of USP15 on the ubiquitination status of mitofusin-2, a substrate of Parkin in the MOM (15, 19, 41) , in fibroblasts ( Fig. 7G and H) . As ubiquitinated mitofusin-2 is also degraded by the proteasome (15), we performed these experiments in the presence of the proteasome inhibitor MG132. USP15 knockdown enhanced the amount of ubiquitinated endogenous mitofusin-2 in response to mitochondrial depolarization ( Fig. 7G and H) .
Parkin interacts genetically with the USP15 homolog CG8334 in Drosophila
We then asked whether USP15 and Parkin also had an antagonistic relationship in vivo. To address this, we utilized the parkin knockdown Drosophila model of PD. Parkin-deficient flies have been reported to display locomotor defects, flight muscle degeneration and accumulation of swollen and dysfunctional mitochondria (7, 42) . Indeed, RNAi-mediated parkin knockdown in flies expressing a GFP version that specifically localizes to mitochondria (mitoGFP) resulted in the appearance of large clumps of intense mitoGFP signal in adult indirect flight muscles (Fig. 8A -C) , consistent with the previous work (42) . EM analysis revealed vacuolization of adult flight muscle cells and severely swollen mitochondria with disrupted cristae (Fig. 8D ) (7, 42) . Mitochondrial membrane potential in parkin RNAi flies was reduced, as shown by labeling of neuromuscular junction synapses with the potentiometric dye JC-1 ( Fig. 8E and F ) (43) . Moreover, adult parkin RNAi flies showed a defect in climbing ability, in line with previous studies (Fig. 8G) (7) .
The Drosophila genome encodes 40 different DUBs (44) . Of all Drosophila DUBs, CG8334 bears the strongest similarity to USP15 (amino acid sequence identity and similarity 43 and 63%, respectively; E value ,10 263 ). If CG8334 counteracts the effects of Parkin, we would expect silencing of CG8334 to suppress the parkin knockdown phenotypes. Importantly, all these phenotypes were indeed largely rescued by RNAi-mediated knockdown of CG8334, indicating that CG8334 and Parkin have opposite effects on fly mitochondrial morphology and function in vivo (Fig. 8A-G) .
DISCUSSION
Based on our findings in human cells, we propose a model in which USP15 opposes mitophagy by antagonizing Parkin-mediated mitochondrial ubiquitination (Fig. 9) . Parkin-mediated mitophagy appears to be tightly regulated, and Parkin must overcome the antagonistic effect of USP15 to induce mitochondrial clearance. The inhibitory effect on mitophagy is remarkably specific to USP15, as this effect was not observed with the closely related USPs, USP4 and USP11.
A recent proteomic study in human cells showed that Parkin ubiquitinates over 100 sites in more than 30 different MOM proteins, including mitofusin-2, in response to mitochondrial depolarization (19) . We show that USP15 knockdown increases the amount of ubiquitinated mitofusin-2 after mitochondrial depolarization. It remains to be investigated which other mitochondrial Parkin substrates besides mitofusin-2 are deubiquinated by USP15 and which mitochondrial ubiquitination events are most critical for the induction of mitophagy.
Parkin has been reported to mediate the formation of K48-, K63-and even K27-linked poly-ubiquitin chains on depolarized mitochondria (12, 15, 39, 40) . We show that USP15 antagonizes the Parkin-mediated accumulation of K48-and K63-linked chains on mitochondria. Thus, USP15, like Parkin, does not appear to display strict chain-type specificity. The observed lack of ubiquitin linkage specificity of USP15 is consistent with the properties of other characterized members of the USP family, which are also promiscuous in their ability to hydrolyze multiple ubiquitin linkage types (45) .
Our model of antagonistic control of mitochondrial fate by Parkin and USP15 is further supported by our in vivo findings in the parkin RNAi Drosophila model of PD. Knockdown of CG8334, the closest homolog of USP15 in the fly, largely rescues the mitochondrial defects of parkin RNAi flies. Although the cellular mechanisms underlying the mitochondrial abnormalities of Parkin-deficient flies have not been fully delineated, impairment of mitophagy probably contributes to this phenotype (46) . If CG8334 inhibits mitophagy in flies, similar to USP15 in human cells, suppression of CG8334 levels would allow residual Parkin in parkin RNAi flies to target damaged mitochondria for removal.
Parkin regulates mitochondrial homeostasis also through pathways unrelated to MOM protein ubiquitination and mitophagy. For example, Parkin-mediated ubiquitination controls the levels of PARIS, a transcriptional repressor of PGC1-a, a regulator of mitochondrial biogenesis (47) . Also, Parkin promotes the LUBAC-mediated ubiquitination of NEMO, thereby inducing transcriptional upregulation of OPA1, a mitochondrial GTPase involved in the control of cristae structure, inner membrane ; ; CG8334 RNAi/tub-GAL4), parkin RNAi (w 1118 ; parkin RNAi/+; tub-GAL4/+) and (parkin + CG8334) RNAi (w 1118 ; parkin RNAi/+; CG8334 RNAi/tub-GAL4) flies was imaged using JC-1, a potentiometric green fluorescent dye that shifts to red fluorescence within mitochondria with a normal negative Dcm (red, JC-1 aggregates; green, JC-1 monomers). Scale bar, 5 mm. (F) Quantification of red over green fluorescence intensity in synaptic mitochondria normalized to control (n ≥ 15 synapses per genotype).
* P , 0.005 compared with control. (G) Analysis of negative geotaxis in 2-week-old flies with the same genotypes as in (E) and (F) (n ¼ 10 batches of 10 flies per genotype). The percentage flies that cross a 4 cm line in 15 s after tapping the flies down is indicated.
* P , 0.05 compared with Control; # P , 0.01 compared with CG8334 RNAi; § P , 0.005 compared with parkin + CG8334 RNAi. fusion and apoptosis (25) . Future work will address whether USP15 also affects these pathways.
USP15 has previously been shown to activate the TGF-b pathway through deubiquitination of the type I TGF-b receptor and receptor-activated SMAD proteins (26, 27) . By enhancing TGF-b signaling, USP15 promotes oncogenesis (27) . USP15 gene amplifications and elevated USP15 activity have been found in glioblastomas and several other human malignancies (27) . Whether Parkin also affects the TGF-b pathway is currently unknown. Intriguingly, considerable evidence suggests that Parkin is a tumor suppressor (48, 49) , although the mechanisms for this effect are not well understood. Somatic inactivating PARK2 mutations and diminished Parkin levels have been reported in glioblastomas and other human cancers (48, 49) . Thus, the antagonistic relationship of Parkin and USP15 may be relevant not only for mitophagy and PD but also for oncogenesis.
USPs are 'druggable' targets, as illustrated by the recent development of a selective small-molecule inhibitor of USP14 (50) . An important implication of our data is that inhibition of USP15 may have therapeutic potential for PD cases caused by reduced Parkin levels. Diminished Parkin activity in PD can result from PARK2 mutations (2), but probably also occurs in sporadic forms of PD, as active Parkin becomes progressively depleted in the aging human brain due to oxidative, nitrosative and dopaminergic damage (3 -6) . In PD cases with diminished but non-zero Parkin activity, USP15 inhibition could enable residual Parkin to exert its neuroprotective function more effectively.
MATERIALS AND METHODS
Antibodies
The following primary antibodies were used for immunofluorescence (IF) or western blot (WB): mouse anti-Parkin (IF, 1:500; WB, 1:4000; clone PRK8, Millipore) (3), mouse anti-USP15 (IF, 1:100; WB, 1:1000; Abnova) (26), mouse anti-FLAG (WB, 1:5000; clone M2, Sigma), rabbit anti-FLAG (WB, 1:1000; Sigma), rabbit anti-USP11 (WB, 1:1000; Bethyl), 
cDNAs and siRNAs
The constructs encoding untagged wild-type human Parkin, Parkin with an N-terminal His 6 -FLAG tag and HA-tagged ubiquitin were described previously (4, 17) . pCMV6 -Entry vectors containing cDNAs for human USP15, USP30 and UCH-L1 with C-terminal Myc-FLAG tags were purchased from Origene. The USP15 C269A mutant construct was generated using the QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies) using sense primer 5
′ -CCTAAGTAA CTTGGGAAATACGGCTTTCATGAACTCAGCTATTCA G-3 ′ and antisense primer 3 ′ -CTGAATAGCTGAGTTCAT GAAAGCCGTATTTCCCAAGTTACTTAGG-5
′ . Mutagenesis was verified by sequencing. cDNAs encoding Myc-tagged forms of USP4, USP11, Ataxin-3 and A20 were gifts from Dr P.J. Lehner (University of Cambridge, UK) (51), Dr J. Yang (Baylor College of Medicine, Houston, USA) (52), Dr E.A. Fon (Montreal Neurological Institute, Canada) (23) and Dr K. Li (University of Texas Medical Branch, Galveston, USA) (53), respectively. The target sequences of USP15 siRNA 1, USP15 siRNA 2, USP11 siRNA and control siRNA were 5
′ , respectively (Qiagen) (17, 26, 54) . The siRNAs targeted against human PARK2 (siRNA1, HSS107593; siRNA2, HSS107594) were from Invitrogen.
Skin fibroblasts, cell cultures and transfection
HEK293, HeLa and SH-SY5Y cells were grown and transfected with cDNA or siRNA as described (17) . Primary embryonic mouse midbrain neurons were cultured as described (17) and immunostained after 5 days in vitro. Human dermal fibroblasts were obtained by skin biopsy from the medial aspect of the upper limb after written informed consent. All procedures were approved by the local ethical committee. Control 1 was a healthy male born in 1949; control 2 was a healthy female born in 1967; control 3 was a healthy male born in 1944; control 4 was a healthy female born in 1938. The clinical history of the PD patient with compound heterozygous PARK2 mutations, a female born in 1970, has been published (31) . The patient with PINK1 mutations was a female born in 1941 who developed early-onset PD at the age of 38, presenting initially with a right-sided arm and leg tremor, bradykinesia and rigidity. She responded well to levodopa. As the disease progressed, she developed motor fluctuations. Twenty years after disease onset, she required bilateral pallidotomy to treat her severe dyskinesias. She was the eldest of seven children, born to consanguineous parents. She has one other sister who developed PD at the age of 46 years. Her twin brother and sister died in early childhood and another sister and two brothers remain unaffected. PINK1 mutations were identified by DNA extraction from blood using JET Quick Spin Columns according to the manufacturer's instructions (Astral Scientific Australia). The purified DNA was then subjected to a PCR cycle to incorporate the dye labeled terminators (Applied Biosystems, Australia). The PCR conditions were as detailed: 25 cycles at 968C 10 s, 508C 5 s and 608C 4 min. The PCR reactions were then cleaned and final reaction samples were sequenced using an ABI 3730 capillary sequencer (Applied Biosystems, Australia). Human fibroblasts were grown in DMEM F12 (Invitrogen) supplemented with fetal bovine serum (10%, Greiner Bio-One), non-essential amino acids (1%) penicillin (100 U/ml), streptomycin (100 mg/ ml) and sodium bicarbonate (0.12%) at 378C in a 5% CO 2 humidified atmosphere. Human fibroblasts were transfected with 50 nM siRNA using the Neon Transfection System (Invitrogen) according to the manufacturer's instructions. CCCP (Calbiochem), valinomycin (Sigma), bafilomycin A1 (Sigma) or DMSO were added 24 or 48 h after transfection.
Immunofluorescence, confocal microscopy and image analysis
Immunostaining of cultured cells was performed as described (17) . For experiments measuring effects of Parkin and myctagged DUBs on colocalization of HA-tagged ubiquitin with mitochondria, quadruple immunofluorescence was performed using mouse anti-Parkin, chicken anti-myc, rabbit anti-HA and sheep anti-cytochrome c as primary antibodies and donkey secondary antibodies anti-mouse Alexa Fluor-488, Cy5 antichicken, Dylight 405 anti-rabbit and anti-sheep Alexa Fluor-555. Nuclei were stained with TOTO-3 iodide (1 mM in the secondary antibody solution; Invitrogen). Confocal images with 1 mm slice thickness were acquired at room temperature either with an Axioskop 2 microscope (LSM510 META; Carl Zeiss), a 63X NA 1.4 oil Plan Apochromat objective and an AxioCam HR camera (Carl Zeiss), or (for analysis of quadruple immunostaining) with a Nikon Eclipse E800 microscope equipped with Biorad Radiance 2100 laser scanning hardware and a 60X NA 1.4 oil Plan Apochromat objective. Brightness and contrast were adjusted with NIH ImageJ software. In translocation, mitophagy and ubiquitination experiments, random images were captured and analyzed by an investigator blinded to the experimental condition. A minimum of 100 cells per condition was analyzed per experiment. Colocalization was assessed by line scan analysis over a distance of 30 mm using the Plot Profile function in ImageJ.
Coimmunoprecipitation and western blot
Coimmunoprecipitation was performed as described (17) . In brief, HeLa cells were washed with ice-cold PBS, removed with a scraper, and resuspended in lysis buffer (20 mM TrisHCl and 1% Triton X-100, pH 7.4). After solubilization for 30 min at 48C, insoluble material was removed by centrifugation at 20 000g for 5 min. Protein concentrations were determined using the Bio-Rad Protein assay. Equal protein amounts were incubated with anti-FLAG M2 Affinity Gel (Sigma) for 2 h at 48C and washed three times with lysis buffer. Bound proteins were eluted in lysis buffer containing FLAG peptides (0.1 mg/ ml; Sigma) for 30 min at 48C, followed by SDS -PAGE, blotting onto PVDF membranes and incubation with blocking solution, primary and secondary antibodies. Immunoreaction was visualized with ECL (Pierce) or ECL Prime (GE Healthcare) and Amersham Hyperfilm ECL (GE Healthcare) or a Fujifilm LAS-3000 Imager. The density of scanned signals was measured with UN-SCAN-IT gel 6.1 (Silk Scientific).
Isolation of mitochondria
Mitochondria were isolated as described (17), with minor modifications. Cells were harvested with a scraper, washed in PBS and homogenized with a glass pestle in isolation medium (250 mM sucrose, 1 mM EDTA and 10 mM Tris -MOPS, pH 7.4). Nuclei and undisrupted cells were removed by centrifugation (600g) for 10 min at 48C. The supernatant was centrifuged at 7000g for 10 min at 48C and the resulting supernatant (containing cytosol) was separated from the pellet. The pellet was resuspended in isolation medium and centrifuged at 7000g for 10 min at 48C. This step was repeated three times and the final pellet (enriched in mitochondria) was analyzed by SDS -PAGE and western blot. In experiments assaying mitochondrial and mitofusin-2 ubiquitination, N-ethylmaleimide (10 mM, Sigma) was added to the isolation medium to prevent deubiquitination of mitochondria after cell lysis.
Ubiquitination status of Parkin
Ubiquitination of Parkin was assayed as described (17, 23) . One day after transfection of HeLa cells with FLAG-Parkin and HA-ubiquitin, proteins were extracted in denaturating lysis buffer [50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 1% SDS, 15 U/ml DNase I and protease inhibitor cocktail (Roche)] to dissociate Parkin from its binding partners, and boiled for 5 min. Extracts were then diluted 1:10 in non-denaturating lysis buffer [50 mM Tris -HCl, pH 7.4, 300 mM NaCl, 5 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail], followed by anti-FLAG immunoprecipitation as described above and western blot.
Drosophila stocks
Flies were kept on standard cornmeal and molasses medium. parkin (CG10523) and CG8334 transgenic UAS-RNAi lines were obtained from the Vienna Stock Center (VDRC) and were expressed using w 1118 ; tub-GAL4 and w 1118 ; mef-2-GAL4 at 288C. Controls used were w 1118 ; tub-GAL4/+ and w 1118 ; mef-2-GAL4/+ at 288C. w 1118 ; UAS-mitoGFP was obtained from Bloomington stock center (Indiana, USA). To quantify parkin and CG8334 mRNA levels, RNA was isolated from adult thoraces and real-time RT-PCR was performed as previously described (55) using primers 5
′ -CCAGCAATGTCACCAT CAAAG-3 ′ and 5 ′ -GCGTGTCCACTCAGTCTG-3 ′ for parkin and 5
′ -GGAGTGACGCATCTTGAG-3 ′ and 5 ′ -TTCTTTGGT ATGGGTGGACTG-3 ′ for CG8334. The data were normalized using RP-49, a ribosomal gene (55) . Real-time PCR showed that parkin mRNA levels in parkin RNAi lines were 47.6+1.8% of control parkin levels (n ¼ 12), and CG8334 mRNA levels in CG8334 RNAi lines were 59.0+3.3% of control CG8334 levels (n ¼ 11).
Mitochondrial morphology in Drosophila flight muscles
For fluorescence imaging of mitoGFP in adult thorax muscles, 1-week-old adult flies were fixed in PBS with 5% formaldehyde and 0.4% Triton for 3 h. After fixation, dissected thoraces were mounted in Vectashield (Vector Laboratories) and imaged on a Zeiss LSM 510 META confocal microscope using a 63x oil NA 1.4 objective. MitoGFP was imaged using a 488 nm laser and a band pass emission filter (500 -530). Number of mitochondrial clumps was determined in an automated manner using the 'analyze particles' plugin in NIH ImageJ software, with the following settings: size .5 mm 2 ; circularity .0.2. Mitochondrial clump size was analyzed with the following settings: size .1.5 mm 2 ; circularity: .0.2. For electron microscopy, 1-week-old adult fly thoraces were first fixed in paraformaldehyde/glutaraldehyde, then postfixed in osmium tetroxide and finally dehydrated and embedded in Epon as described (55) . For TEM analysis, different sections (80 nm thick) were stained with uranyl acetate and lead citrate.
JC-1 labeling
Dissected third instar Drosophila larvae were incubated for 10 min in 4 mM JC-1 (Molecular Probes) in HL-3 solution and then washed for 1 min in HL-3 solution before imaging. Mitochondria at the neuromuscular junctions of muscle 6 and 7 in segments A2 and A3 were imaged using the following filters (Semrock) for green and red emission, respectively: ex: 500/ 24 nm; em: 542/27 nm; dichroic: 520 nm and ex: 543/22 nm; em: 593/40 nm; dichroic: 562 nm. Mitochondria in neuromuscular boutons were easily distinguished by their shape and morphology and by the green JC-1 labeling that labels boutons differently from muscle cells (43) . Images were captured on a Nikon FN1 microscope with a 60X NA 1 water immersion objective. Data were analyzed in NIS-Elements 3.0 (Nikon) by measuring the ratios of red to green JC-1 fluorescence.
Negative geotaxis
Ten flies per batch were loaded into an empty vial (2 cm diameter, 10 cm height) and the number of flies that crosses a 4 cm line in 15 s after tapping the flies down was counted. Assays were performed on 10 batches of 10 flies each at 288C.
Statistics
Significance of differences was analyzed with two-tailed Student's t-test for comparison between two groups and with one-way ANOVA and post hoc Holm -Sidak test for comparison between more than two groups (SigmaStat 3.5, Systat). Values and error bars represent mean+SEM. NCBI BLAST (blastp) was used to search for USP15 homologs and determine E values and amino acid sequence identity and similarity.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
